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It is well-known that some nonlinear phenomena such as strong photon blockade are hard to be
observed in optomechanical system with current experimental technology. Here, we present a coher-
ent feedback control strategy in which a linear cavity is coherently controlled by an optomechanical
controller in a feedback manner. The coherent feedback loop transfers and enhances quantum non-
linearity from the controller to the controlled cavity, which makes it possible to observe strong
nonlinear effects in either linear cavity or optomechanical cavity. More interestingly, we find that
the strong photon blockade under single-photon optomechanical weak coupling condition could be
observed in the quantum regime. Additionally, the coherent feedback loop leads to two-photon and
multiphoton tunnelings for the controlled linear cavity, which are also typical quantum nonlinear
phenomenon. We hope that our work can give new perspectives in engineering nonlinear quantum
phenomena.
PACS numbers: 42.65.Es,42.65.Ky,75.30.Cr
I. INTRODUCTION
Similar to Coulomb blockade for electrons in meso-
scopic electronic devices [1–3], photon blockade [4, 5]
is a typical nonlinear quantum optical effect, where the
subsequent photons are prevented from resonantly en-
tering the cavity due to the strong nonlinear photon-
photon interaction. This phenomenon can be observed
by the so-called photon antibunching in photon corre-
lation measurements. The nonlinear photon-photon in-
teraction at single-photon level is inherently nonclassical
and provides a way to control signal photon via pho-
tonic devices, which is essential to various emerging tech-
niques, such as single-photon transistor [6], photon rout-
ing [7–11], generation of non-classical light [12], quan-
tum information processing with photonic qubits [13–15],
optical communication [16], and optical quantum com-
puter [17]. The photon blockade has been experimen-
tally demonstrated in, e.g., cavity-QED systems with the
strong atom-cavity coupling [18], a quantum dot strongly
coupled to a photonic crystal resonator [19], and circuit-
QED systems [20, 21]. It is generally recognized that the
nonlinear photon coupling strength should be far larger
than the cavity decay rate when the single-photon block-
ade occurs. Thus engineering nonlinear photon-photon
coupling is an important task for single-photon devices.
Recently, cavity optomechanics becomes a rapidly
growing field of research, in which nonlinear couplings
between the electromagnetic and mechanical degrees of
freedom [22–26] lead to various interesting phenomena.
The nonlinear optomechanical coupling can be applied
to the detection of gravitational waves [27–29], the ob-
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servation of quantum effects in the mescoscopic and
macroscopic scales [30]. The optomechanical system
can also be used to build sensitive mass, force and dis-
placement detectors [31], and the hardware for realizing
quantum information processing [32]. Various achieve-
ments have been made both theoretically and experi-
mentally in optomechanical systems, for instance, the
cooling of the mechanical resonator to its ground state,
which paves the way to study the physical effects on the
boundary between classical and quantum mechanics [33–
47], the mechanical oscillations induced by the radia-
tion pressure [48, 49], electromagnetically induced trans-
parency [50–54], entanglement between optical and me-
chanical modes [55, 56], optomechanical transducers [57],
normal mode splitting [58], and coherent optical wave-
length conversion [59–65]. Especially, the nonlinear Kerr
effect can also be realized in optomechanical systems [66–
68], which can be used to engineer nonlinear photon-
photon interaction. Thus, the optomechanical systems
might also be very important candidates to act as single-
photon devices, e.g., a single-photon router [69].
It has been theoretically shown that the single-photon
phenomena and photon blockade can be realized in op-
tomechanical systems [70–74] when the single-photon op-
tomechanical coupling strength is much larger than the
cavity decay rate. However, in current experimental tech-
nology, the optomechanical-coupling induced Kerr non-
linearity is not strong enough to be used for observing
such single-photon effect. Several approaches have been
proposed for enhancing the photon-photon interaction
using coupled optomechanical systems [75, 76]. How-
ever, the strong single-photon optomechanical coupling
is still a necessary condition for the demonstration of
photon blockade. Recent studies showed [77] that par-
ticular nonlinear effects are hopeful to be observed in a
linear cavity, which is coupled to an optomechanical sys-
2tem with the weak optomechanical coupling. However,
photon blockade is still hard to be observed in optome-
chanical system. Moreover, this method requires strong
coupling between the linear cavity and the optomechani-
cal cavity via spatial proximity. However, individual ad-
dressability of each cavity is still an arduous challenge in
current experimental technology [78].
We recently study a method to induce nonlinearity
into a linear cavity by coherent feedback control using
a circuit QED system as a controller [79, 80]. Mo-
tivated by studies [66–77] and considering progress on
quantum coherent feedback methods [81–93], we propose
an approach to realize an optomechanically-based single-
photon device by replacing the circuit QED system in
the coherent feedback approach [80] with a traditional
optomechanical system. Such a coherent-feedback strat-
egy can liberate both the linear cavity and the optome-
chanical system in space and eliminate the slashing re-
quirement on individual addressability or large coupling
strength between linear cavity and optomechanical cav-
ity. Moreover, we find that photon blockade phenomenon
can be observed even in the weak optomechanical cou-
pling regime for such a design. We will also show that the
damping effects of the controlled cavity and the optome-
chanical controller are actually crucial for achieving pho-
ton blockade in such coherent-feedback approach. This
is different from other existing photon blockade systems
in which the cavity loss always plays a negative role.
In our approach, the output of the controlled cav-
ity is unitarily processed by optomechanical controller,
and then the processed output field is fed into the con-
trolled cavity again. Such a coherent-feedback strategy
preserves the quantum coherence of the system and also
reduces the feedback-induced time delay. In contrast to
direct coherent feedback [82], we use field-mediated co-
herent feedback [85–87] method, in which the information
flow is uniquely determined by the propagation direction
of the quantum field and thus it is easier to be realized
in experiments.
The paper is organized as follows. In Sec. II, we briefly
summarize the main results of quantum input-output and
coherent feedback control theory which are related to our
study. In Sec. III, we present the mathematical descrip-
tions of our feedback control system, i.e., a linear cav-
ity coupled to an optomechanical system in the feedback
configuration. We introduce both the steady-state equa-
tions and the quantum Langevin equations with quantum
and thermal fluctuations to model the dynamics of our
feedback control system. In Sec. IV, we study the non-
linear effects of the controlled linear cavity induced by
the optomechanical system in the semi-classical regime.
The nonlinear effects of the controlled cavity, such as
optical bistability, are induced by the nonlinear dissi-
pative coupling between the controlled system and the
intermediate quantum field. In Sec. V, we studied the
statistical properties of photons in both the optomechan-
ical controller and the controlled cavity with two differ-
ent driving methods in the quantum regime. Our re-
sults show that the strong photon blockade effect can be
observed even in the weak single-photon optomechani-
cal coupling regime. Feedback-induced photon tunneling
processes, especially two- and three-photon tunnelings,
are also discussed. Conclusions and perspective discus-
sions are given in Sec. VI.
II. FIELD-MEDIATED COHERENT FEEDBACK
The quantum system with an input field ain and an
output field aout can be schematically shown in Fig. 1.
The input field ain can be described by a continuum of
harmonic oscillators. Under the Markovian approxima-
tion, the HamiltonianH of the whole system can be given
as [94]
H = Hsys + i[a
†
inL− L†ain]. (1)
Here, we assume ~ = 1. We also use Hsys to denote
the Hamiltonian of the quantum system. L =
√
γa is the
Lindblad operator induced from the system and the bath
field, where a (a†) is the annihilation (creation) operator
of the system. The input field ain is defined as
ain =
1√
2π
∫ +∞
−∞
b(ω)e−iωtdω. (2)
where b(ω) (b†(ω)) is the annihilation (creation) oper-
ator of the bath mode with frequency ω satisfying
[b(ω), b†(ω
′
)] = δ(ω − ω′) and [b(ω), b(ω′)] = 0.
The system shown in Fig. 1 can also be modelled by
a set of parameters G = (S,L,H) [86]. Here, S denotes
the scattering matrix, H and L are given in Eq. (1). The
(S,L,H) notation can be used conveniently to study the
networks of coupled open quantum systems for quantum
control analysis and design.
System
ain aout
FIG. 1: (Color online) Schematic diagram of a single quantum
system with the input field ain and output field aout.
The theory of the single quantum system with in-
put and output fields, as shown in Fig. 1, can be gen-
eralized to a Markovian quantum cascaded system as
shown in Fig. 2(a). We assume that the output field of
the first system, described by G1 = (S1, L1, H1), acts
as the input field of the second system, described by
G2 = (S2, L2, H2). This coupled cascade system is equiv-
alent to the system, described by [86]
G = (Seff , Heff , Leff), (3)
3System1 System2
System2
System1
System1 System2 System1
ain out aout
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ain out out aout
FIG. 2: (Color online) Schematic diagrams of the cascade
quantum system. (a) Cascade system with two cascaded-
connected components, in which the output of the first sys-
tem acts as the input field of the second system. (b) Pro-
posed coherent feedback system, in which the output of the
first system is fed into the quantum controller coherently and
then the output of the quantum controller is coherently fed
back to act as the input of the first system. (c) Equivalent
schematic of coherent feedback system, which can be seen as
the controlled system cascaded-connected with the controller
system and then cascaded-connected with itself.
with
Seff = S2S1, Leff = L2 + S2L1, (4)
Heff = H1 +H2 +
1
2i
(L†2S2L1 − L†1S†2L2). (5)
As shown in Fig. 2(b), we now focus on another sce-
nario in which the output of the first system G1 =
(S1, L1, H1) is taken as the input of the second system
with G2 = (S2, L2, H2), and simultaneously the output
of the second system is taken as the input of the first sys-
tem, by which a coherent-feedback loop is constructed.
In Fig. 2, both the scattering matrices of these two com-
ponents are identity matrix I, that is, S1 = S2 = S = I.
Such coherent-feedback system is equivalent to a system
in which G1 = (I, L1, H1) is first cascaded-connected to
G2 = (I, L2, H2) and then cascade-connected to G3 =
(I, L3, H1) as shown in Fig. 2(c). The whole feedback
system, shown in both Fig. 2(b) and Fig. 2(c), can be
described by
(S˜, L˜, H˜), (6)
with
S˜ = S, L˜ = L1 + L2 + L3, (7)
H˜ = H1 +H2 +
1
2i
[
(L†2L1 + L
†
3L2 + L
†
3L1)−H.C.
]
.
(8)
III. MODEL AND HAMILTONIAN
As schematically shown in Fig. 3, we study a linear
cavity which is controlled by a standard optomechanical
system. The output field of the controlled cavity is co-
herently fed into the optomechanical controller and then
fed back into the controlled cavity again. The controlled
cavity can be taken as a transmission line resonator, a
toroidal microresonator, a cavity with two mirrors, or a
defect cavity in photonic crystal. Without loss of gener-
ality and for simplicity, we will focus on the cavity with
two mirrors which can support two input channels and
two output channels. The dissipation of the controlled
Cavity resonator(A)
Standard optomechanical system(B)
ain aout
in out
FIG. 3: (Color online) Schematic diagrams for a cavity (A)
coherently feedback controlled by a standard optomechanical
system (B).
cavity via the vacuum fluctuation field ain is described
by the Lindblad operator La =
√
κa. a (a†) is the anni-
hilation (creation) operator of the controlled cavity with
the decay rate κ and the frequency ωs. Ha = ωsa
†a de-
scribes the Hamiltonian of the controlled cavity. With
the (S,L,H) notation, the controlled cavity can be de-
scribed by (S,La, Ha). The output of the controlled cav-
ity is fed into a standard optomechanical system, which
serves as a controller to induce and manipulate the non-
linearity of the controlled cavity. The resonant frequency
of the cavity of optomechanical system is modulated by
the position of a mechanical resonator. A monochromatic
coherent light field with the frequency ωd and amplitude
ǫ is used to drive the cavity of the optomechanical sys-
tem. The driven Hamiltonian Hc of the optomechanical
system is given by
Hc = ωcc
†c+ωmb
†b+ g
0
c†c(b†+ b)+ ǫ(c†eiωdt+ ce−iωdt),
(9)
where c (c†) is the annihilation (creation) operator of
the optomechanical cavity, b (b†) is the annihilation (cre-
ation) operator of the mechanical model with frequency
ωm. The parameter g0 is the single-photon optomechan-
ical coupling strength. The optomechanical controller
interacts with the intermediate field via the dissipation
channel of the cavity field described by the Lindblad op-
4erator Lc =
√
γc. Afterward, the output of the controller
is fed into the controlled system via the dissipation chan-
nel Lf =
√
κfa to complete the whole coherent feedback
loop. With the (S,L,H) notation, the optomechanical
controller can be described by (S,
√
γc,Hc).
The whole coherent feedback system can be described
by three cascaded-connected subsystems which have been
schematically shown in Fig. 2(b). Thus, the cascade
system, with the first (G1 = (I,
√
κa, ωsa
†a)), the
second (G2 = (I,
√
γc,Hc)), and, the third (G3 =
(I,
√
κfa, ωsa
†a)) subsystems, can be described by
(S
′
, L
′
, H
′
).
with
S
′
= I, L
′
=
√
κa+
√
γc+
√
κfa, (10)
H
′
= Ha +Hc +
i
2
(
√
γκ−√γκf)(a†c− c†a). (11)
In the rotating reference frame with unitary transfor-
mation R(t) = exp[iωd(c
†c + a†a)t], the Hamiltonian in
Eq. (11) becomes
H˜ = ∆sa
†a+∆cc
†c+ ωmb
†b+ g
0
c†c(b† + b)
+ ǫ(c† + c) +
i
2
(
√
γκ−√γκf)(a†c− c†a), (12)
where ∆s = ωs − ωd and ∆c = ωc − ωd are the detuning
frequencies.
Using the input-output theory, the dynamics of the
whole system is described by the quantum Langevin
equation(QLEs) [79, 80, 93]
a˙ = −i∆sa− 1
2
(
√
κ+
√
κf)
2a−√γκfc
− (√κ+√κf)ain, (13)
b˙ = −iωmb− ig0c†c−
γm
2
b−√γmbin, (14)
c˙ = −i∆cc− ig0c(b† + b)−
√
κγa− 1
2
γc
− iǫ−√γain, (15)
where γm is the damping rate of the mechanical res-
onator. bin denotes the thermal noise acting on the me-
chanical resonator which satisfies the Markovian correla-
tion relation
〈bin(t)b†in(t
′
)〉 = (nth + 1)δ(t− t
′
), (16)
The mean thermal occupation number of bin can be cal-
culated by nth = [exp(ωm/kBT )− 1]−1. We also assume
that the vacuum fluctuation ain satisfies
〈ain(t)a†in(t
′
)〉 = δ(t− t′). (17)
where the frequency of the controlled cavity is assumed
to be much higher than that of the mechanical resonator,
thus the temperature effect on the cavity field has been
neglected.
Using the mean field approximation, the time evolu-
tions of the mean values of each operator can be given
as:
d 〈a〉
dt
= −i∆s 〈a〉 − 1
2
(
√
κ+
√
κf)
2 〈a〉 (18)
−√γκf 〈c〉 ,
d 〈b〉
dt
= −iωm 〈b〉 − ig0 |c|2 −
γm
2
〈b〉 , (19)
d 〈c〉
dt
= −i∆c 〈c〉 − ig0 〈c〉 (〈b〉∗ + 〈b〉)− iǫ (20)
−√κγ 〈a〉 − 1
2
γ 〈c〉 .
IV. COHERENT FEEDBACK INDUCED
OPTICAL BISTABILITY
It is known that the bistability can be found in the
standard optomechanical system [67]. Let us now first
study how the optical nonlinear behavior in the con-
trolled linear cavity can be induced by a standard op-
tomechanical system using coherent feedback method. In
other words, we study how the optical nonlinearity in op-
tomechanical system can be manipulated and transferred
to a linear cavity by using coherent feedback. By solving
Eqs. (18-20) with 〈a˙〉s = 〈b˙〉s = 〈c˙〉s = 0, we can obtain
the steady-state values
A0 =
−√γκf
[i∆s +
1
2 (
√
κ+
√
κf)2]
C0, (21)
B0 =
−ig
0
iωm +
γm
2
|C0|2 , (22)
C0 =
−iǫ−√κγA0
i∆c + ig0(B
∗
0 +B0) +
1
2γ
, (23)
of the cavity fields and mechanical resonator. Here, A0 =
〈a〉s, B0 = 〈b〉s, and C0 = 〈c〉s denote the steady state
values of the average 〈a〉, 〈b〉 and 〈c〉.
Using Eqs. (21-23), we can obtain a third-order poly-
nomial root equation for the normalized mean photon
number in the cavity of the optomechanical system
f(λ) = 4λ3 − 4yλ2 + (x2 + y2)λ− z = 0. (24)
Compare Eq. (24) with that in Ref. [67], we find that
Eq. (24) has the same form as that in Ref. [67] when x =
0.5. Moreover, the coefficient y has also been changed by
the feedback control. Here, we have used the condition
Qm = ωm/γm ≫ 1 and introduced several dimensionless
parameters
x =
p1
γ
, y =
p2
γ
, z = k
|ε|2
γ2
, (25)
k =
g2
0
γωm
, λ = kn, n = |C0|2 ,
5z = k |ε|2 /γ2
k
n
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FIG. 4: (Color online) Optical bistability in the semiclassical
regime. Typical curves for the mean-field cavity occupation
kn as a function of the dimensionless driving power z (a,b),
the detuning parameter y (c,d) and the detuning parameter
x (e,f). We show the mean-field occupation kn as a func-
tion of driving power z for fixed detuning y and the detuning
parameter x of cavity A was set to 0.5 in (a) and 0 in (b). We
show the mean-field occupation kn as a function of detuning
y for fixed driving power z. The detuning parameter x was set
to 0.5 in (c) and 0 in (d). We also show the mean-field occu-
pation kn as a function of driving power z for fixed detuning
y and detuning parameter x1 = 0, x2 = 0.25, x3 = 0.5 in (e),
and kn as a function of detuning parameter y for fixed driving
power z and detuning parameter x1 = 0, x2 = 0.25, x3 = 0.5
in (f).
with
p2 = ∆c +
4γ
√
κκf∆s
[4∆2s + (
√
κ+
√
κf)4]
, (26)
p1 =
γ
2
− 2γ
√
κκf(
√
κ+
√
κf)
2
[4∆2s + (
√
κ+
√
κf)4]
. (27)
It can be found that k characterizes the optical nonlinear-
ity induced by the mechanical resonator, and the param-
eters x and y are determined by the detuning frequencies
∆c and ∆s when all of decay rates are fixed. z is called
the normalized power of the driving field and n is the
mean photon number inside the cavity of the optome-
chanical system.
We can also find that the mean photon number nA =
|A0|2 of the controlled cavity can be given by
nA = Kn, (28)
with
K =
4γκf
4∆2s + (
√
κ+
√
κf)4
, (29)
which shows that the mean photon number nA of the con-
trolled cavity is proportional to the mean photon number
n of the controller cavity. Without loss of generality, we
assume thatK = 1 for the following discussions such that
both nA and n simply satisfy Eq. (24), which can have
either one or three roots, depending on the dimensionless
parameters x, y and z.
In fact, when Eq. (24) is solved, three real roots can be
found only if: (i) the parameters y and z are larger than
threshold values y˜ and z˜ for given parameter x, that is,
y > y˜ =
√
3x, (30)
z > z˜ =
4
27
y˜3, (31)
and (ii) the parameter z must be in the region z−(y) <
z < z+(y) with
z±(y) =
1
27
[y(y2 + 3y˜2)± (y2 − y˜2)3/2]. (32)
The first externally controllable parameter, that can be
used to control the bistability behavior, is the normalized
driving power z. In Fig. 4(a), we show the normalized
mean photon number kn as a function of z for x = 0.5,
corresponding to the threshold value y˜ =
√
3/2, and three
different parameters y1 = 0.8 <
√
3/2, y2 = 1.2 >
√
3/2
and y3 = 1.7 >
√
3/2, respectively. Fig. 4(a) clearly
shows that the optical bistability cannot be observed
when y1 <
√
3/2 in contrast that the bistability can
be observed when y2, y3 >
√
3/2. From Eq. (30) and
Eq. (26), we can find that the threshold value y˜ is origi-
nated from the parameter x which can be tuned from 0 to
0.5 by changing the frequency detuning ∆s. In Fig.4(b),
we show kn as a function of z for x = 0, corresponding
to the threshold value y˜ = 0, and three different values
of y as before. Under this condition, we find that the
optical bistability phenomenon can be observed with the
increase of z for arbitrary value of y with y > 0.
The second important externally controllable parame-
ter, which can be used to control the bistability behavior,
is y when x is given. In Fig. 4(c) we plot the normalized
mean-photon number kn as a function of detuning y for
x = 0.5, corresponding to the threshold value z˜ = 1/6
√
3,
and three different values z1 = 0.09 < 1/6
√
3 = z˜,
z2 = 0.2 > 1/6
√
3, and z3 = 0.3 > 1/6
√
3, respectively.
Fig. 4(c) shows that the optical bistability phenomenon
cannot be observed for z < z˜ in contrast to the case z > z˜.
Eq. (30) and Eq. (31) show that the threshold value z˜ is
proportional to the detuning parameter x. This means
that the threshold value z˜ can be reduced to zero when
6x = 0. In Fig. 4(d), the normalized photon number kn is
plotted as a function of y for x = 0, corresponding to the
threshold value z˜ = 0 of z, and three different parameters
z1, z2 and z3 of the parameter z. Fig. 4(d) shows that
the optical bistability phenomenon can be observed with
the increase of y for arbitrary value of z with z > 0.
We now study how the parameter x affects the bista-
bility. In Fig. 4(e), we plot kn as a function of z for
y = 0.8 and three different parameters x1 = 0, x2 = 0.25
and x3 = 0.5. The parameter x1 = 0 corresponds to the
zero threshold value for the parameters y and z. The
parameter x2 = 0.25 corresponds to the threshold values
y˜ = x2
√
3 and z˜ = 4y˜3/27 for the parameters y and z re-
spectively. However, the parameter x3 = 0.5 corresponds
to the maximum threshold values of the parameter y and
z. It is clear that y = 0.8 is larger than the threshold
values y˜ = 0 corresponding to x1 and y˜ = 0.433 corre-
sponding to x2, but y = 0.8 is blow the threshold value
y˜ = 0.87 corresponding to x3. Thus, Fig. 4(e) clearly
shows that kn as a function of z exists bistable behavior
for the parameters x1 and x2, but bistable behavior can-
not be found for the given parameter x3. In Fig. 4(f) we
show kn as a function of y for given parameter z = 0.09
and three same values x1 = 0, x2 = 0.25 and x3 = 0.5 of
the parameter x as in Fig. 4(e). Similar to Fig. 4(e), we
find that kn curve exhibits bistable behavior for x1, cor-
responding to z˜ = 0, and x2, corresponding to z˜ = 0.012.
However, we cannot find bistable behavior for kn curve
with the parameter x3 corresponding to z˜ = 0.096.
According to above discussions, we can conclude that
the nonlinear behavior in the optomechanical system can
be transferred to the linear cavity resonator and con-
trolled by using coherent feedback loop. The controlled
bistability phenomena can be realized by adjusting the
power and the frequency of externally applied driving
field. In contrast to the bistability of optomechanical
system [67] and by comparing Fig. 4(a) with Fig. 4(b),
or comparing Fig. 4(c) with Fig. 4(d), we find that the
threshold value of the bistable behavior can be reduced
to zero even in the optomechanical system when the co-
herent feedback control is introduced.
V. COHERENT FEEDBACK INDUCED
PHOTON BLOCKADE
We now turn to consider the case that the external
driving field is weak enough and both cavity fields are
in the quantum regime. We will study the single-photon
blockade effect in the linear cavity induced by the co-
herent feedback control using an optomechanical system
as a controller. The evolution of the coherent-feedback
controlled system, comprised of the linear cavity and the
optomechanical system, is described by the Hamiltonian
of Eq. (11). In the rotating reference frame at the fre-
quency ωd of the driving field and under the Born-Markov
approximation, the time evolution of the whole system is
described by a Lindblad-type master equation [94, 95]
dρ
dt
= L(ρ) = −i[H˜, ρ]+1
2
(2L˜ρL˜†−L˜†L˜ρ−ρL˜†L˜)+γmD(b),
(33)
with
L˜ = (
√
κ+
√
κf)a+
√
γc, (34)
D(b) = bρb† − 1
2
ρb†b− 1
2
b†bρ. (35)
Here, we assume that the mechanical resonator and the
cavity fields are in the zero-temperature environment for
the convenience of calculations. The steady-state den-
sity operator ρss can be obtained by setting dρ/dt =
L(ρ) = 0, and then the normalized equal-time second-
order correlation functions for both cavity fields in the
steady-state case can be calculated by
g(2)a (0) =
〈
a†a†aa
〉
〈a†a〉2
=
Tr(ρssa
†a†aa)
[Tr(ρssa†a)]2
, (36)
g(2)c (0) =
〈
c†c†cc
〉
〈c†c〉2
=
Tr(ρssc
†c†cc)
[Tr(ρssc†c)]2
. (37)
Here, the subscripts a and c denote the cavity fields in-
side the controlled cavity and the cavity of the optome-
chanical system. Below, we will study the single-photon
blockade effect in the linear cavity using Eq. (36). The
single-photon blockade effect in the cavity of the optome-
chanical system can also be studied in a similar way.
A. Photon blockade in optomechanical
single-photon strong-coupling regime
We now consider the statistical properties of photons
when the optomechanical system is assumed to be in
single-photon strong-coupling regime. For comparison,
the second-order correlation functions g
(2)
a (0) calculated
by master equation and analytical solution are shown
in Fig. 5. To analytically give the condition for photon
blockade in the controlled cavity, the solution of g
(2)
a (0)
is obtained by the following method. With definition of
the Kerr nonlinear coefficient χ = g20/ωm, in the rotat-
ing reference frame at the frequency ωd of the driving
field and under the condition g
0
/ωm ≪ 1, the effective
Hamiltonian in Eq. (11) can be written as
H˜eff = ∆sa
†a+ (∆c − χ)c†c− χc†cc†c+ ǫ(c† + c)
+
i
2
(
√
γκ−√γκf)(a†c− c†a) + ωmb†b. (38)
Eq. (38) shows that the mechanical mode can be de-
coupled from the optical modes when all terms of
parameter g
0
/ωm are neglected, thus let us assume that
the state of the whole system is |ψ〉 = |ϕ〉 |φ〉m where |ϕ〉
denotes the photon states of both cavity fields and |φ〉m
7denotes the phonon states. Under the weak-driving con-
dition, i.e. ǫ/γ → 0, we can describe the photon states
as
|ϕ〉 =
2∑
na=0
2∑
nc=0
Cna,nc |na, nc〉 , (39)
where |na〉 and |nc〉 are the photon states of the con-
trolled cavity and the cavity of optomechanical controller,
respectively. It is obvious that C00 ≫ C01, C10 ≫
C11, C20, C02 under the weak driving condition ǫ/γ → 0.
From Eq. (36), we can find
g(2)a (0) =
Tr(ρssa
†a†aa)
[Tr(ρssa†a)]2
=
∑
na
na(na − 1)Pna
[
∑
na
naPna ]
2
. (40)
in the steady-state. Here, Pna represents the probability
of na photons distribution which can be expressed as
Pna =
∑
nc
|Cna,nc |2 . (41)
which means Pna ≫ Pna+1 for na ≥ 2.
To obtain the steady-state solution, we phenomenolog-
ically introduce the non-Hermitian complex Hamiltonian
by setting the parameters as
∆s −→ ∆s − i(
√
κ+
√
κf)
2/2, (42)
∆c −→ ∆c − iγ/2. (43)
in the Hamiltonian (38). Thus, under weak driving limit
that the probabilities for more than three photon can be
neglected, the second-order correlation function g
(2)
a (0)
can be expressed as [80]
g(2)a (0) =
|∆s +∆c − 2χ− iκa/2|2 |∆c − χ− iγ/2|2
|(∆s +∆c − χ− iκa/2)(∆c − 2χ− iγ/2)|2
.
(44)
with
κa = (
√
κ+
√
κf)
2 + γ. (45)
Without loss of generality, we consider ∆s = ∆c = ∆
which means that the controller cavity and the controlled
cavity resonator are resonate with each other, thus the
analytical solution of g
(2)
a (0) is simplified to
g(2)a (0) =
[4(∆− χ)2 + κ2a/4][(∆− χ)2 + γ2/4]
|(2∆− χ− iκa/2)(∆− 2χ− iγ/2)|2
. (46)
From Eq. (46) we can find that when the decay rates
γ and κa are far less than the cavity detuning frequency
∆ and the Kerr nonlinear coefficient χ, the second-order
correlation function g
(2)
a (0) becomes far less than one at
the point of ∆/χ = 1. This means that the photon block-
ade occurs. In the following, we numerically study two
0 0.5 1 1.5 2 2.510
−4
10−2
100
102
104
Detuning parameter ∆/χ
g
(2
) (
0)
 
 
numerical
analytical
(a)
0 0.5 1 1.5 2 2.5
10−2
100
102
104
Detuning parameter ∆/χ
g
(2
) (
0)
 
 
driving system B
driving cavity A
(b)
FIG. 5: Color online) The numerical and analytical solutions
for second-order correlation functiong
(2)
a (0) of linear cavity
field versus detuning parameter ∆/χ are shown in (a). The
second-order correlation functions g
(2)
c (0) of optomechanical
cavity field versus detuning parameter ∆/χ by driving con-
trolled cavity or controller cavity are shown in (b). The
system parameters for this simulation are: κ = γ, κf = γ,
g0 = 32γ, ωm = 100γ, γm = 0.01γ, ǫ = 0.1γ, γ/2π = 1 MHz.
very different parameter regions: (i) κ = κf = γ and
g ∼ ωm which are not easy to be achieved for current
experiments; (ii) κ = κf ≫ γ and g ≪ ωm which are
possible experimentally.
The second-order correlation function g
(2)
a (0), calcu-
lated by master equation and analytical solution, as a
function of ∆/χ is shown in Fig. 5(a) for κ = κf = γ and
g0 ∼ ωm/3. We find that the results obtained by numer-
ical calculations and approximated solutions are almost
same. Figure 5(a) shows that there is a minimum value
at ∆/χ = 1 with g
(2)
a (0) ≪ 1, which means that the
photon blockade occurs and the single-photon can come
out of the controlled cavity one by one. Figure 5(a) also
shows that there is a maximum value at ∆/χ = 2 with
g
(2)
a (0)≫ 1, which means that the two-photon tunneling
occurs and photons can come out of the controlled cavity
in pairs. These characteristics have been shown [70–72]
in the standard optomechanical systems. However, the
strong photon blockade and two-photon tunneling stud-
ied here are found in the controlled linear cavity, which
is due to the coherent-feedback through the nonlinear
quantum controller. This can be verified through g
(2)
c (0),
shown in Fig. 5(b), of the cavity field of the optome-
chanical system. We find a minimum value at ∆/χ = 1
corresponding to g
(2)
c (0) ≪ 1 and a maximum value at
∆/χ = 2 corresponding to g
(2)
c (0) ≫ 1. Thus, we would
like to say that the photon blockade in the controller
cavity is transferred to the controlled cavity by the co-
herent feedback loop. To answer the question wether the
different driving strategy, such as driving the controlled
cavity in contrast to driving controller cavity, can result
in different optical nonlinear behavior, g
(2)
c (0) for driving
the controlled cavity is numerically studied and shown in
Fig. 5(b), we find that there is no significant difference
under these two different driving ways by given other pa-
rameters.
Let us now study another parameter regions, e.g.,
κ = κf = 10γ and g0 = ωm/40. The second-order corre-
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FIG. 6: (Color online) The second-order correlation functions
g
(2)
a (0) of controlled cavity field and g
(2)
c (0) of optomechanical
cavity field versus detuning parameter ∆/χ by driving the
controlled cavity in (a) or driving the controller cavity in (b).
The system parameters for this simulation are: κ = 10γ,
κf = 10γ, g0 = 2.5γ, ωm = 100γ, γm = 0.01γ, ǫ = 0.01γ,
γ/2π = 1 MHz.
lation functions of controlled cavity field and controller
cavity field versus ∆/χ by driving the controlled cavity
are shown in Fig. 6(a). We find that there exists a local
minimum at ∆/χ = 1, a local maximum at ∆/χ = 2
and another local maximum at ∆/χ = 3 for each curve.
The minimum value corresponding to g
(2)
a (0) ≪ 1 and
g
(2)
c (0)≪ 1 means that the photons in the controlled cav-
ity and controller cavity can be blockaded. The first local
maximum at ∆/χ = 2 corresponding to g
(2)
a (0)≫ 1 and
g
(2)
c (0)≫ 1 means that the single-photon transition from
ground state to the first excited state is suppressed and
second photon can enter the driven cavity making reso-
nant transition from ground state to second excited state
with the first photon. The second local maximum value
at ∆/χ = 3 corresponding to g
(2)
a (0)≫ 1 and g(2)c (0)≫ 1
means that the three-photon resonant excitation happens
and three-photon tunneling can be observed.
The second-order correlation functions of controlled
cavity field and controller cavity field versus ∆/χ by driv-
ing the controller cavity are shown in Fig. 6(b). In con-
trast to the case that the controlled cavity is driven, we
find that there exist a global minimum point at ∆/χ = 1,
a local minimum at ∆/χ = 2 and local maximum at
∆/χ = 3 for each curve. The global minimum corre-
sponding to g
(2)
a (0)≪ 1 and g(2)c (0)≪ 1 means that the
photons in controlled cavity and controller cavity can be
blockaded. The local minimum at ∆/χ = 2 correspond-
ing to g
(2)
a (0) < 1 and g
(2)
c (0) < 1 means that the two-
photon tunneling is suppressed and photon blockade hap-
pens. The local maximum at ∆/χ = 3 corresponding to
g
(2)
a (0)≫ 1 and g(2)c (0)≫ 1 means that the three-photon
tunneling can be observed.
Comparing Fig. 6(a) with Fig. 6(b), and also in con-
trast to Fig. 5, we find that the second-order correla-
tion functions present different behaviors for the different
driving strategies in the region around the point ∆/χ = 2
under the condition κ = κa ≫ γ. This difference comes
from the unbalanced input-output rates of controlled cav-
ity and controller cavity. When the driving field is ap-
plied to the controlled cavity and under the two-photon
resonant driving(∆/χ = 2), due to the output rate κ
is much larger than the input rate γ, the first photon
in controlled cavity transports to the controller cavity
rapidly. Simultaneously, due to the output rates γ is
much less than the input rates κf , the second photon has
entered into the the controlled cavity before the first pho-
ton comes back. Therefore, at last the two-photon tun-
neling can be observed when the second photon meets
the first one. However, When the driving field is applied
to the controller cavity and under the two-photon reso-
nant driving(∆/χ = 2), due to the output rate γ is much
less than the input rate κf , the first photon entering con-
troller cavity cannot be transported to controlled cavity
before the second photon is coming. Cooperated with
the optomechanical nonlinearity, the first photon in the
controller cavity prevents the second one from entering
cavity and then the photon blockade occurs.
Comparing Fig. 5 with Fig. 6, we would like to mention
that single-photon blockade can be more easily observed
when the coherent-coupling strength
√
κγ and
√
κfγ are
enhanced no matter the driving is applied to controlled
cavity or controller cavity. This is equivalent to enhance
the coupling strength between two cavities for controlled
system and optomechanical controller [77].
B. Photon blockade in optomechanical
single-photon weak-coupling regime
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FIG. 7: (Color online) The second-order correlation functions
g
(2)
a (0) of linear cavity resonator and g
(2)
c (0) of optomechani-
cal controller versus detuning parameter ∆/χ by driving the
optomechanical controller in (a) or driving the controller cav-
ity in (b). The system parameters for this simulation are:
κ = γ, κf = 1.2γ, g0 = 0.3γ, ωm = 10γ. The other parame-
ters are the same as in Fig. 6.
Let us now study the possibility on the photon block-
ade using coherent feedback control strategy in a weak
single-photon optomechanical coupling regime, e.g., g0 =
0.3γ. We focus on the statistical properties of photons.
The second-order correlation function of controlled cav-
ity field and controller cavity field versus ∆/χ are studied
when the driving field is applied to the controller cavity.
As shown in Fig. 7(a), we can find that there exists
a minimum near the point ∆/χ = 1 corresponding to
g
(2)
a (0) ≪ 1 and a maximum near the point ∆/χ = 2
9corresponding to g
(2)
a (0)≫ 1. This means that the pho-
tons in controlled cavity can exhibit strong blockade and
two-photon tunneling when it is coherently feedback con-
trolled by a optomechanical controller even in weak op-
tomechanical coupling. Fig. 7(a) also clearly shows that
the curve of g
(2)
a (0) fits well with the curve of g
(2)
c (0) as
well as which has been shown in Fig. 6. This is easily un-
derstood, because the controller cavity and the controlled
cavity are coherently coupled with each other through the
closed feedback loop with explicit photon flow direction,
which is naturally determined by the propagation of the
quantum field. Thus, if photon blockade (tunneling) oc-
curs in the controller cavity, then the photons from the
controller cavity are output one by one (two by two), and
enter the controlled cavity, and vice versa.
Pump
ൈBlockade
|
|
|
|
|
FIG. 8: (Color online) Schematic diagrams for two-photon
exciting process. Two different transition paths leading to
the destructive quantum interference which is responsible for
the strong photon blockade. One path is the direct excitation
from |10〉 to |20〉 and the other is drawn by the dotted arrows.
Similar to Fig. 7(a), the second correlation functions
g
(2)
a (0) and g
(2)
c (0) versus ∆/χ are shown in Fig. 7(b)
when the driving field is applied to the controlled cav-
ity. Similar to the case for driving the controller cav-
ity, a minimum near the point ∆/χ = 1 corresponding
to g
(2)
a (0), g
(2)
c (0) ≪ 1 and a maximum near the point
∆/χ = 2 corresponding to g
(2)
a (0), g
(2)
c (0) ≫ 1 can be
found. The only difference is that the minimum (maxi-
mum) value for driving controlled cavity is smaller (big-
ger) than that for driving controller cavity. That is,
the photon blockade (tunneling) is better in driving con-
trolled cavity than that for driving the controller cavity
with the same parameters. We would also like to mention
that single-photon blockade can be more easily observed
when coherent-coupling strength g0 is enhanced no mat-
ter the driving is applied to contolled cavity or controller
cavity.
The strong photon blockade under weak optomechan-
ical coupling comes from the cooperation between the
weak Kerr nonlinearity in controller cavity induced by
optomechanical interaction and the destructive interfer-
ence for different paths of two-photon excitation pro-
cess [96, 97]. In order to better understand the inter-
ference process, two different paths for two-photon ex-
citations are shown in Fig. 8. The first path is direct
excitation from one photon to two photons in the driven
cavity(|00〉 → |20〉). The second path is one photon co-
herently passed to the other one and finally comes back
to the driven cavity(|00〉 → |10〉 → |01〉 → |11〉 → |20〉)
which is unidirectional and uniquely determined by the
propagation direction of quantum field.
√
κγ and
√
κfγ
can be considered as effective coupling strength between
these two cavities, which is the key to induce destructive
interference. It is obviously that the cavities’ losses play
a crucial role for achieving such destructive interference
in contrast to other photon blockade systems introduced
so far in which the cavities’ losses always play a negative
role.
We finally emphasize that the destructive interference
due to the coherent feedback control is unidirectional
determined by the propagation direction of the quan-
tum field which is easier to be realized and controlled
in contrast to that due to a cavity directly coupled to
an optomechanical system [96, 97]. The cavity directly
coupled scheme requires both individual addressability
of each cavity and large coupling strength between each
other through spatial proximity which is still a huge chal-
lenge [78]. However, in our proposed scheme, such two
cavities are spatially separated by each other and di-
rectly coupling is replaced by coherent-feedback control
which liberates such two cavities in space and eliminates
the slashing requirement about challenging individual ad-
dressability and large coupling strength. Different from
the single driving way by applying the driving field to the
linear cavity in coupled-cavities scheme, our scheme can
support another driving way, e.g., driving the controller
cavity, which can also present strong photon blockade
effect even in the optomechanical single-photon weak-
coupling regime. Another significant difference is that
both the controlled linear cavity and optomechanical con-
troller cavity can emerge photon blockade simultaneously
in contrast to the situation that only the linear cavity can
emerge photon blockade and optomechanical system can
not in coupled-cavity scheme.
VI. CONCLUSION
In summary, we have studied a system in which a lin-
ear cavity is coherently controlled by an optomechan-
ical system through a closed feedback loop. The lin-
ear dynamics of the controlled cavity is nonlinearized by
the optomechanical controller via the so-called feedback
nonlinearization. The nonlinear controller using optome-
chanical systems and the coherent-feedback loop are the
core of this strategy. Such coherent-feedback strategy can
both liberates the controlled cavity and the optomechan-
ical system in space and eliminates the slashing require-
ment about individual addressability or large coupling
strength to achieve strong photon blockade in optome-
chanical weak-coupling regime. Moreover, we find that
the coherent feedback control induced nonlinearity can
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be used to demonstrate some other interesting nonlinear
optical phenomena.
In the semiclassical regime, we found that optical bista-
bility phenomenon in the controller cavity induced by
the optomechanical interaction can be transferred to the
controlled linear cavity through coherent feedback con-
trol. In particular, we found that the threshold value
of the bistability can be significantly suppressed to zero
through the coherent feedback control in contrast to finite
threshold value of the bistability in pure optomechanical
systems [67].
In the quantum regime, we study the statistical prop-
erties of photons of the controller cavity field and the con-
trolled cavity field with two different driving strategies.
We found that photon blockade both in the controller
cavity and the controlled cavity is very similar under such
two different driving methods when the output damping
rates of the controlled cavity is comparable to those of
the controller cavity. However, this similar effect can be
broken when the output damping rates of the controlled
cavity are much bigger than those of the controller cavity.
Particularly, quite opposite quantum nonlinear behav-
iors, e.g., tunneling and blockade, are discussed in the re-
gion around the point ∆/χ = 2. Photon blockade can be
observed when the coherent-coupling strengths
√
κγ and√
κfγ are enhanced no matter the driving is applied to
controlled cavity or the controller cavity. Moreover, pho-
ton blockade can still happen even in the weak optome-
chanical coupling regime due to the destructive quantum
interference induced by coherent feedback control. It is
worth noting that the cavities’s losses are actually crucial
for achieving photon blockade in such coherent-feedback
approach in contrast to photon blockade systems intro-
duced so far in which the cavities’ losses always play a
negative role.
We hope that our study can provide a controllable way
to engineer strong quantum nonlinearity, such as the con-
trol of photon transmission through a linear cavity by
using a optomechanical controller, achieving strong pho-
ton blockade under weak optomechanical coupling condi-
tion and serving as single-photon devices. We also hope
that such proposed design can have potential applications
in quantum state engineering, quantum computing and
quantum communication.
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